The unique water/PVP ͑polyvinylpyrrolidone͒/n-pentanol interface has been developed to prepare the ZnO particles with hexagonal bilayer structure. By modifying the interface through varying the amount of PVP and water, one can readily tune the particle size and change the particle shape from hexagonal bilayer to capped potlike to hemispherical features. The study of the growth dynamics and extinction spectra suggests that the bilayer structure arises from the selective adsorption of PVP on the ZnO crystallographic planes. Both the photoluminescence and extinction spectra show that the band gap of the hexagonal bilayer ZnO particles shrinks with increasing particle size. These wide applications require the fabrication of morphologically and functionally distinct ZnO nanostructures. A variety of ZnO nanostructures besides the popular onedimensional structures 1-8 have been synthesized. For example, the control of ZnO morphologies via a simple solution route was realized. 9 The hierarchical nanostructures were grown by a vapor transport and condensation technique. 10 The synthesis of ZnO hollow beads using laserassisted growth was reported.
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Being a direct-band-gap semiconductor with large band gap ͑3.37 eV͒ and exciton binding energy ͑60 meV͒, ZnO has been investigated intensively owing to their versatile optoelectronic applications such as room-temperature UV lasers, 1 light-emitting diodes, 2 solar cells, 3 and sensors. 3, 4 These wide applications require the fabrication of morphologically and functionally distinct ZnO nanostructures. A variety of ZnO nanostructures besides the popular onedimensional structures 1-8 have been synthesized. For example, the control of ZnO morphologies via a simple solution route was realized. 9 The hierarchical nanostructures were grown by a vapor transport and condensation technique. 10 The synthesis of ZnO hollow beads using laserassisted growth was reported. 11 The ZnO cones were obtained through sol-gel reactions. 12 The flowerlike assemblies of ZnO were prepared by using the artificial peptide. 13 A hydrothermal route was reported for the synthesis of ZnO nanocoral reefs.
14 Hexagonal ZnO microboxes were synthesized by thermal chemical vapor deposition. 15 The ͑ZnO͒po-lymer core-shell nanoparticles were synthesized through polymerization. 16 The ZnO nanorings and nanobows were synthesized by physical evaporation of ZnO powder. 17 Nanostructured stars of ZnO were prepared by a soft solution route. 18 Here the ZnO particles with hexagonal bilayer structure ͑HBS͒ have been synthesized in the water/PVP ͑polyvinylpyrrolidone͒/n-pentanol ͑WPN͒ system. As we know, in the water/n-pentanol system, PVP tends to exist completely in water phase. 19 So in the WPN system, PVP should be enriched in the water phase region near the n-pentanol interface. Recently, the existence of layered structure in the water solution of high PVP concentration has been confirmed. 20 The proposed layered structure consists of alternating layers of water and PVP with bound water. Thus, it can be deduced that PVP makes the immiscible water and n-pentanol form a stable transparent solution in the water/ n-pentanol volume ratio range of ഛ0.07 by bounding water in the ͑water/ water-PVP͒ n / n-pentanol ͑WWPN͒ interface region. Here the unique layered structure of the WWPN interface has been exploited for the shape selective synthesis of the bilayer ZnO particles.
In a typical synthesis, 0.8 ml of aqueous solution of NaOH ͑0.15M͒ was added into 20 ml of n-pentanol containing 0.05 g of PVP ͑K30͒ in a conical flask with a ground stopper under stirring at room temperature. After 30 min, 0.6 ml of ethanol solution of Zn͑NO 3 ͒ 2 ·6H 2 O ͑0.10M͒ was added with stirring for another 30 min. Then, the system was heated at 95°C in a constant temperature oven for one day. The obtained product was washed with ethanol three times by centrifugation and ultrasonic, and characterized by x-ray diffraction ͑XRD͒, transmission electron microscope ͑TEM͒, and scanning electron microscope ͑SEM͒. Roomtemperature photoluminescence ͑PL͒ spectra were recorded using a Xe lamp ͑325 nm͒ as excitation source. The samples for PL spectra were prepared by dispersing the obtained products on a silicon substrate. Extinction spectra for the sample dispersed in ethanol were recorded on a U-3410 spectrophotometer.
As shown in Fig. 1͑a͒ , the sample is dominated by the bilayer particles comprising two parallel hexagonal plates with an average edge length of ϳ40 nm. Figure 1͑b͒ shows a high-resolution TEM ͑HRTEM͒ image as well as the corresponding selected area electron diffraction ͑SAED͒ pattern obtained from a particle lying flat on the support film, with the electron beam perpendicular to the hexagonal facets. The a͒ Author to whom correspondence should be addressed; electronic mail: zhangjh@nju.edu.cn FIG. 1. ͑a͒ TEM image of the typical hexagonal bilayer particles. ͑b͒ HRTEM image for an angle of one of the hexagonal plates of one particle. ͑c͒ Side view HRTEM image for one of the hexagonal plates of one particle. The insets of ͑b͒ and ͑c͒ show the corresponding SAED patterns. ͑d͒ HRTEM image for the interface between the two parallel hexagonal plates of one particle; the arrow marks a typical edge dislocation.
image has a hexagonal lattice, and the fringe spacing of 0.28 nm observed in the image agrees well with the spacing of the ͑100͒ lattice planes of ZnO. The diffraction spots of the corresponding SAED pattern have sixfold symmetry and can be indexed as the 1010, 1100, and 0110 reflections, demonstrating that the hexagonal facets are presented by ͑001͒ planes, which is consistent with the HRTEM image. Figure 1͑c͒ shows a side view HRTEM image and the corresponding SAED pattern obtained from an erect particle on the support film, with the electron beam perpendicular to a side of one of the hexagonal plates. The regularity and constant interplane distances in the image show that the hexagonal plate is single crystalline in nature. The spacing of 0.26 nm between adjacent lattice planes corresponds to the distance between two ͑002͒ crystal planes. The diffraction spots of the corresponding SAED pattern can be indexed as the 0002, 1122, and 1120 reflections, suggesting that the sides of the hexagonal plates are presented by ͑100͒ planes, which is consistent with the HRTEM image. The HRTEM image of the interface between the two parallel hexagonal plates in a particle was also recorded. As seen in Fig. 1͑d͒ , the regularity and single-crystalline structure are obvious. Only a few of edge dislocations are observed. Obviously, the two parallel hexagonal plates fuse into a single crystal at the interface. Similar to the ZnO particles with layered features caused by the selective adsorption of citrate anions on the ͑001͒ planes of ZnO, 21 here the formation of the interface may arise from the selective adsorption of PVP on the ͑001͒ planes of ZnO. The adsorption of PVP on the ZnO particles was confirmed by the infrared extinction spectra ͑see Paper I͒.
By keeping the amount of NaOH and Zn͑NO 3 ͒ 2 ·6H 2 O unvaried, the influences of the amount of PVP and water on the shape and size of the particles were investigated. The HBS is independent of the PVP amount, but the particle edge length can be readily tuned in the large range of 40 nm-1.2 m by simply varying the PVP amount in the range of 0.5-1.0 g. As shown in Figs. 2͑a͒ and 2͑b͒ with increasing the PVP amount from 0.05 to 1.0 g, the particles increase in edge length from 300 nm to 1.2 m and enhance in surface defects. Varying the water volume in the range of 0.4-1.3 ml also has no obvious influence on the HBS, but slightly changes the particle size. However, when the water volume is reduced to 0.4 ml below, the size and shape of the particles are dramatically changed. As seen in Fig. 2͑c͒ , the product synthesized by using 0.2 ml of water volume is dominated by the capped potlike particles. The particle face becomes circular and sunken in the center. As the water volume is reduced to 0.05 ml, the hemispherical particles are the main product ͓see Fig. 2͑d͔͒ . These show that modifying the WWPN interface region greatly affects the HBS growth. To further study the role of the WWPN interface, three contrast experiments of repeating the syntheses of the samples shown in Figs. 1, 2͑a͒ , and 2͑b͒ in water instead of WPN system have been performed. As shown in Figs. 2, the product synthesized using 0.05 or 0.5 g of PVP was dominated by the podlike particles, and no particles with HBS were observed. However, the HBS is observed in the product prepared using 1.0 g of PVP. Obviously, high enough PVP concentration is the precondition for the HBS formation. In the WWPN structure, PVP is enriched in the water phase, and only a small amount of PVP can lead to a high PVP concentration, thus the HBS formation. Furthermore, the WWPN structure may modify the adsorption behavior of PVP on the ZnO surface. So the WWPN structure provides us a simple way to tune the size and shape of the goal ZnO particles by slightly changing the amount of PVP and water.
The time-dependent SEM images for the products during the synthesis of the sample shown in Fig. 2͑b͒ were investigated to monitor the HBS growth processes. The product formed by 0.5 h of heating was dominated by the monodisperse hexagonal plates ͓Fig. 3͑a͔͒. However, it was found that another small hexagonal plate had formed on the hexagonal facet of some of the plates. In other words, some rudiments of the bilayer particles had already formed after 0.5 h of heating. After 1 h of heating, another small hexagonal plate had grown on all the hexagonal plates formed initially. As the heating proceeded, the small plates grew more quickly in comparison with the large plates, and the size of the small and large plates became almost identical after 1.5 h of heating, namely, the HBS formed. The hexagonal bilayer particles increased in edge length and thickness with further heating and reached their maximum size after 4 h of heating ͓Fig. 3͑b͔͒. Further prolonging heating had no obvious influences on the particle size and shape, namely, the growth of the bilayer particles was completed after 4 h of heating. These clearly show that the HBS is formed by growing a hexagonal plate at first and then growing another hexagonal plate on the first plate.
Based on the above results, here we propose the following HBS formation mechanism. When the PVP concentration in the reaction solution is high enough, the selective adsorption of PVP on the ͑001͒ planes of ZnO will happen, which inhibits the crystal growth along ͑001͒ orientations, thus the crystals will grow sideways in the form of thin platelets. When the plate formed initially grows to a certain size, the 
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desorption of PVP adsorbed on the ͑001͒ planes of the plate may be initiated by the continuous heating, thus leading to the continuous crystal growth along ͑001͒ orientations. This continuous crystal growth prefers in the form of thin plate due to the selective adsorption of PVP, and another plate is formed on the plate formed initially, thus leading to the HBS. The XRD patterns for the typical hexagonal bilayer particles are compiled in Fig. 4͑a͒ . All the diffraction patterns ͑curve 1͒ of the sample shown in Fig. 1 can be well indexed to the hexagonal phase of ZnO with lattice constants a = 0.322 nm and c = 0.521 nm. No characteristic diffraction peaks from other phases or impurities were detected. It should be pointed out that the ͑002͒ peak is dominant, indicating that the hexagonal bilayer ZnO particles bounded by ͑001͒ facets are the main composition. These are consistent with the above HRTEM results. Similar XRD patterns were found in the samples shown in Fig. 2͑a͒ ͑curve 2͒ and Fig. 2͑b͒ ͑curve 3͒. The hemispherical particles can also be indexed to the hexagonal phase of ZnO ͑curve 4͒, though their crystallinity is weak in comparison to that of the bilayer particles.
The PL spectra of the samples shown in Figs. 1, 2͑a͒ , and 2͑b͒ were compiled in Fig. 4͑b͒ . Only one band corresponding to the free exciton emission from the ZnO band gap 22 was observed in all the samples. The asymmetric band shape should arise from the base line ͑curve 4͒ of the silicon substrate. The green emission around 500 nm related to the presence of the singly ionized oxygen vacancies or other point defects was not observed, 23 suggesting that our bilayer ZnO particles had low level oxygen vacancies. With increasing the sample edge length from 40 to 300 to 1200 nm, the emission band position redshifts from 380 to 390 to 400 nm, and increases in the full widths at half maximum from 13 to 19 to 26 nm. The broad PL band may be related to the valence-band-donor transition near the ZnO band edge 5, 24 and the surface and interface defects in our ZnO samples. The extinction spectra ͓Fig. 4͑c͔͒ of all the samples had the ZnO band gap transition near their corresponding PL peak, and a Stokes shift between the PL and the absorption peak energies was observed. Both the extinction and PL spectra show that the intrinsic ZnO band gap of our samples shrinks with the sample size, which may be associated with the modified ZnO surfaces by the adsorption of PVP and the enhancement of the surface defects. The broad extinction bands besides the ZnO gap absorption band in the samples shown in Figs. 2͑a͒ and 2͑b͒ should arise from the light scattering of particles because the sample size is close to or larger than that of the measuring light wavelength. Due to the strong light scattering, the ZnO gap absorption band for the sample shown in Fig. 2͑b͒ was merged and became a shoulder peak. The enhancement of the light scattering with the sample size may also broaden the PL peak.
In summary, the hexagonal bilayer ZnO particles with controlled size and band gap have been synthesized in the WPN system. The selective adsorption of PVP on the ZnO crystallographic planes is suggested to be crucial to the HBS formation. The excellent advantages in high shape selectivity and simple manipulation of our method make it a potential technology to explore the synthesis of the other materials with bilayer nanostructures. The ZnO particles presented here may have extended the nanostructure family, and they also provide opportunities for creating more nanostructures by inserting the other materials such as Au nanoplates into the bilayer ZnO particles ͑see Paper III͒. 
